The effects of vacuum ultraviolet ͑VUV͒ ͑7.2 eV͒ and UV ͑4.9 eV͒ irradiation on hafnium-oxide dielectric layers were studied with electron-spin resonance to detect defect states. Silicon dangling-bond defects ͑P b centers͒ and positively charged oxygen vacancies ͑EЈ centers͒ were detected with g-factor fitting. VUV irradiation increases the level of P b states, while UV decreases the level of P b states but increases the level of EЈ states significantly. Rapid thermal annealing appears to mitigate these effects. Absolute values of the defect-state concentrations are presented. © 2010 American Institute of Physics. ͓doi:10.1063/1.3430570͔
During plasma processing of microelectronic devices, dielectrics are exposed to vacuum ultraviolet ͑VUV͒ and UV radiation. 1, 2 This can modify the number of defect states in the dielectric. 3, 4 Electron-spin resonance ͑ESR͒ detects those defect states that have paramagnetic electrons. 5, 6 Hafnium oxide ͑HfO 2 ͒ is a well-known high-k dielectric material and is a potential gate dielectric for complementary metal oxide semiconductor devices. 7 Previous work using ESR shows that HfO 2 has numerous defect states. [8] [9] [10] [11] The most common are P b0 , P b1 , EЈ, EX, etc. The EX defect state, which is the positively charged bulk-oxide defect state, appears during the growth or modification of SiO 2 -like interfacial layers. 5 Since no modifications were made to the interfacial layers, we only examine the P b0 , P b1 , and EЈ states.
In this letter, we utilize ESR to examine the effects of VUV and UV irradiation 12 on room-temperature-atomiclayer-deposited 20-nm-thick HfO 2 on ͑100͒Si. The resistivity of the silicon substrate is 4000 ⍀ cm which is needed to obtain ESR measurements. 13 The HfO 2 wafers were rapid thermally annealed ͑RTA͒ at 800°C. A comparison between as-deposited and RTA samples was made. Each sample was prepared with an area of 10ϫ 2 mm 2 . Seven samples were used in order to maximize the signal.
To obtain the g-factors and levels for the observed defect states, we assume that the ESR signal is the sum of contributions from each of the defect states. Each defect state varies with the external magnetic field B and has the form of the derivative of a Gaussian as
where A i0 , B i0 , and i are found during the least-squares fitting process. A i0 is the amplitude, i is the B-field width of the defect state, and B i0 allows us to determine the g-factor of the defect state with the expression
where h is Planck's constant, B is the Bohr magneton eh / ͑4m e ͒, and is the frequency of the oscillating magnetic field. The relative concentration of each defect state is calculated using the following expression:
͑3͒
where C ir is the relative concentration for the defect state i. B low and B high are the minimum and maximum values of the scanned magnetic field. The inner integral recovers the original signal as a Gaussian while the outer integral calculates the level of defect states for that particular Gaussian. The concentrations of the defect states are linearly dependent on the intensity A i0 and the standard deviation i ͑B-field width͒ of the signal. With Eqs. ͑2͒ and ͑3͒, both the g-factors and the absolute values of the levels of the defect states can be found.
To identify the P b0 , P b1 , and EЈ defect states, ESR measurements were made on unexposed samples as a function of magnetic field orientation. 5, 15 At =0 ͑B-field parallel to the sample normal͒, the P b0 , P b1 , and EЈ states were found with g-factors of 2.0062, 2.0037, and 2.0002, respectively. These are typical values for the corresponding g-factors of the defect states. 5, 16 Next, as-deposited and RTA HfO 2 samples were exposed to VUV at the UW-Madison synchrotron. The beam energy was 7.2 eV which is above the band gap of HfO 2 . In addition, an absorption peak, measured with VUV spectroscopy, occurs at this energy. 17 The photon dose was approximately 5.4ϫ 10 14 photons/ cm 2 . Following VUV exposure, ESR measurements were made with the B-field parallel to the surface normal of the sample. The measured and fit ESR signals for both unexposed and VUV-exposed samples are shown as curves ͑a͒ and ͑b͒ in Fig. 1 . The corresponding concentrations of the defect states are presented in Table I . Table I shows that the P b0 , P b1 , and EЈ levels all increase after VUV irradiation. The P b0 and P b1 concentrations of the as-deposited samples both increased ͑16.7% and 2.5%, respectively͒ while the EЈ concentration was one order of magnitude smaller. Table I shows that after VUV exposure of the RTA sample, the levels of the defect states increased by smaller amounts. We can see that the concentrations of the unexposed and VUV-exposed RTA samples are always lower than the as-deposited samples. Therefore, RTA decreases the defect-state concentrations before irradiation and minimizes their increase during irradiation.
We now turn to UV exposure. First, a 4.9 eV UV exposure was made on an as-deposited HfO 2 sample for 2 min using a mercury lamp. Compared to an unexposed sample, the UV-irradiated sample showed the following differences in the defect state concentrations. The P b0 and P b1 state concentrations decreased by 26% and 0.5%, respectively. UV increased the EЈ state concentration significantly from 8.81 ϫ 10 10 to 1.42ϫ 10 12 cm −2 . The corresponding ESR signals are shown in curve ͑c͒ of Fig. 1 .
Following this, a UV exposure was made on an RTA HfO 2 sample for 2 min. The P b0 and P b1 state concentrations decreased by 7.9% and 12.6%, respectively. The EЈ state concentration continued to show a significant increase from 4.79ϫ 10 10 to 4.28ϫ 10 11 cm −2 . Finally, a combination of VUV and UV exposures was made. First, after VUV exposure, the as-deposited HfO 2 was irradiated with a 4.9 eV mercury lamp for three minutes. The ESR measurements are shown in curve ͑d͒ of Fig. 1 . The P b state concentrations decreased slightly. However, the EЈ state levels still increased significantly from 1.23ϫ 10 11 to 2.65 ϫ 10 12 cm −2 . The same results were seen when the RTA sample was exposed to both VUV and UV. Reversing the order of the VUV and UV irradiation showed no difference in the observed defect-state levels.
To determine the reasons for this, Kelvin probe surfacepotential measurements were made. The surface potential of the as-deposited HfO 2 was measured as shown in Fig. 2͑a͒ . Before VUV exposure, the surface potential was close to zero. During VUV, the surface potential increased and saturated at 10 V. This is believed to be due to the depletion of electrons during VUV irradiation. 4 Before VUV irradiation, the P b -type defect states are filled with electrons. The electrons are depleted by photoemission and positive-charge trapping during irradiation. Since the band gap for HfO 2 
For UV irradiation, the EЈ defect level increases significantly. These oxygen-vacancy defects can easily transfer electrons into the silicon, 19 resulting in an increase in the surface potential. On the other hand, some of the electrons generated from photoinjection from the substrate are trapped in the P b states so that the P b -state concentration levels decrease, resulting in a decrease in surface potential. As a result, the surface potential during UV exposure depends on the relative magnitudes these two opposing effects. Figure 2͑b͒ shows the surface potential as a function of time during UV exposure. During the initial minute of UV exposure, the creation and depopulation of the EЈ defect states counteracts the repopulation of the P b states, keeping the surface potential relatively constant. After this, the P b states are repopulated with electrons while the EЈ state levels keep increasing. This leads to the measured surface-potential increase.
Because the band gap of the EЈ state is around 4 eV, 19, 20 the 4.9 eV photons are quite likely to increase the EЈ defect levels. The effects of photoemission are negligible, since the UV photon energy is below the HfO 2 band gap ͑5.7 eV͒. However, photoinjection of electrons does happen and neutralizes some of the positive charges at the interfacial layer and helps repopulate the electrons in P b -type states. Because the HfO 2 layer is ultrathin and the UV photon energy is below the band gap, trap-assisted tunneling may also take place, 21 which can contribute to the positive surface potential.
In conclusion, we find that VUV irradiation increases the P b defect levels in ultrathin HfO 2 due to electron depletion from the defects. 17 The depletion takes place because photoemission and positive-charge trapping occur when the incident VUV photon energy is larger than the band gap resulting in a positive surface potential. Then, UV irradiation can decrease the P b defect levels by electron repopulation of the defects. The electrons come from photoinjection of electrons from the silicon substrate and/or electron transfer from oxygen vacancies resulting in a decrease in the surface potential. However, 4.9 eV UV irradiation increases the EЈ defect levels significantly. This overcomes the effect of the P b -state decrease and results in an overall positive surface potential. 
